[1] Seasonal variations on lightning activity of precipitation systems over south China and Taiwan before and after the onset of Mei-Yu have been observed by the lightning imager sensor (LIS) on board the Tropical Rainfall Measuring Mission (TRMM) satellite. Lightning storms before Mei-Yu onset show higher probability of lightning, higher flash rate, and larger radar reflectivity in the mixed-phase region than the Mei-Yu regime. However, the probability of lightning occurrence with the same threshold of maximum radar reflectivity or ice scattering signature is similar for land systems before and during Mei-Yu season. Oceanic systems show slightly lower probability of lightning even with the same thresholds. Relationships between a set of TRMM-observed parameters and LIS lightning frequency are further examined. For lightning systems over land, the total area of radar echo above 35 dBZ has a closer relationship with lightning flash rate at the temperature between −5°C and −15°C than other parameters. Area of lower radar reflectivity at colder temperature, e.g., area of 20 dBZ at −40°C, is also highly correlated with lightning frequency. The highest correlation between area of specific radar reflectivity and lightning frequency is found at lower temperatures when the oceanic lightning systems are examined.
Introduction
[2] Heavy rainfall and flash floods occur frequently and repeatedly after the onset of East Asian Summer Monsoon over south China and Taiwan [Ding, 1992; Chen, 2004; Ding and Chan, 2005; Chen et al., 2006] . The combination of the moist southwesterly low-level jet and large-scale lifting during "Mei-Yu" (first stage of East Asian Summer Monsoon [Chen, 1983; Tao and Chen, 1987] ) is favorable for active convection and heavy precipitation [Chen and Yu, 1988; Chen et al., 2000; Chen and Li, 1995; Chen et al., 2005] . However, active Mei-Yu storms have weaker convection and lower lightning flash rate than those during the break time or before Mei-Yu period [Xu et al., 2009] . This study explores and quantifies relationships between lightning frequency and various thunderstorm parameters for this specific region.
[3] Relationships between thundercloud parameters and lightning are based upon the generally accepted noninductive charging (NIC) hypothesis [Latham et al., 2007] . In NIC, it is hypothesized that particle-scale charge separation occurs through rebounding collisions between precipitationsized ice particles and abundant small ice crystals in the presence of supercooled liquid water [Takahashi, 1978; Saunders et al., 1991; Saunders, 1993; MacGorman and Rust, 1998] . Observations from different weather regimes suggest that robust mixed-phase processes in the mixedphase region (0°C to −40°C) are necessary to generate storm electrification and initiate lightning [Stolzenburg et al., 1998a; 1998b; Lang and Rutledge, 2002; Atlas and Williams, 2003; MacGorman et al., 2005] . Electrical charging occurs mainly in the "charging zone" containing graupel/hail, ice crystals, and supercooled liquid droplets. The efficiency of charge transfer depends on the size of the ice crystals and the fall speed of the graupel pellets [Keith and Saunders, 1990; Pereyra et al., 2000; Saunders et al., 2006] .
[4] The NIC hypothesis has been proven sufficiently robust that ice water content and lightning activity are highly correlated, both on the global scale and regional scale [Petersen and Rutledge, 2001; Gauthier et al., 2006] . There are some unexplained departures from this high correlation (land versus ocean), and one of the purposes of this paper was to examine these departures more closely for the East Asia region. Baker et al. [1999] , Blyth et al. [2001] , and Deierling et al. [2005 have presented what they termed flux hypothesis which suggests that the lightning frequency is roughly proportional to the product of the downward flux of solid precipitation and the upward mass flux of ice crystals at the top of the charging zone based on computations from lightning models [Baker et al., 1995] and field observations. Latham et al. [2004] extended the hypothesis and lightning models to derive a direct rela-tionship between lightning frequency and precipitation rate. In addition, observations also indicate a close link between convective rainfall and lightning, both for individual (or ensemble) storms [Soula and Chauzy, 2001; Seity et al., 2001] and for long temporal and large spatial domains [e.g., Sheridan et al., 1997; Petersen and Rutledge, 1998; Soriano et al., 2001] . The rain rate-lightning relationship has further been employed to improve the estimation of convective rainfall in specific regions [Tapia et al., 1998; Grecu et al., 2000; Soriano and De Pablo, 2003 ]. More basically, vigorous updrafts are necessary to support the existence of graupel and supercooled liquid droplets in the charging zone. Indeed, strong updrafts have been proposed as a good indicator of lightning [Zipser and Lutz, 1994] and the updraft-lightning relationships in specific regimes have further been quantitatively examined [Lang and Rutledge, 2002; Tessendorf et al., 2005; Wiens et al., 2005; .
[5] Definable relationships between lightning frequency and thunderstorm parameters, if established quantitatively, can have important applications in estimating or forecasting convective intensity and rainfall via incorporation of lightning data, and vice versa. However, an important unresolved question concerns the variability of the lightning-thundercloud property relationships for different weather regimes. Significant differences exist on thresholds for lightning occurrence between land and oceanic weather systems. For example, even with the same passive microwave brightness temperature or the same vertical profile of radar reflectivity, continental storms are much more likely to produce lightning than oceanic systems [Toracinta et al., 2002; Cecil et al., 2005] . The motivating questions here are: Do differences of thresholds for lightning production exist between different weather regimes in the same location? Do quantified relationships of lightning-thunderstorm parameter, e.g., lightning-radar reflectivity, vary between different weather regimes or land/ocean systems?
[6] It is promising that large samples of lightning measurements are available from satellite-borne devices such as the optical transient detector (OTD) [Christian and Goodman, 1992] , the Tropical Rainfall Measuring Mission (TRMM) [Kummerow et al., 1998 ], lightning imaging sensor (LIS) [Christian, 1999] and will be from the future geostationary lightning mapper . The availability of these high temporal and spatial measurements provides strong motivation for quantifying relationships between satelliteobserved lightning frequency and storm properties. The first goal of this paper was to explore relationships between TRMM-observed lightning frequency and thunderstorm parameters over the specific region of south China and Taiwan before and after the onset of Mei-Yu. The second goal was to test the variability of those relationships between the preseason and Mei-Yu season regime, as well as between land and nearby oceanic systems.
[7] The specific objectives of this study include [8] 1. Quantify the seasonal transition on lightning activity and storm properties of precipitating thunder systems before and after the onset of Mei-Yu.
[9] 2. Determine the thresholds of microwave brightness temperature and radar reflectivity for lightning occurrence within different weather regimes and between land and ocean systems.
[10] 3. Examine relationships between LIS lightning frequency and multiple TRMM-observed thundercloud parameters and their regime-related variability.
[11] 4. Determine temperatures where radar reflectivity parameters such as maximum radar reflectivity and area with high radar reflectivities are most highly correlated with lightning flash rate.
[12] This paper is organized as follows. Section 2 describes the data sets and methodology. Seasonal and intraseasonal transitions on lightning activity and storm properties are presented in section 3.1. Section 3.2 tests the variability of lightning occurrence thresholds, then section 3.3 examines correlations of lightning frequency with different thundercloud parameters, and finally specific temperatures with best correlations in different regimes are presented in section 3.4. A summary and conclusion of the results is given in section 4.
Methodology
[13] This study is based on precipitating features (storm scale), using the 11 years long TRMM precipitation feature (PF) database [Nesbitt et al., 2000; Liu et al., 2008] . Lightning data are from observations by the TRMM LIS, while thunderstorm parameters are based on measurements from the TRMM precipitation radar (PR) and microwave imager (TMI).
Selection of PFs
[14] Usually, the southern China and Taiwan Mei-Yu season onset is between 10 and 15 May [Chen, 1983; Ding and Chan, 2005] . To avoid inclusion of Mei-Yu days into the preseason, 10 May is selected as the onset date. The Mei-Yu season (10 May to 25 June) is further divided into "Mei-Yu" and "Break" using the same definition as that given by Xu et al. [2009] , which depends on the existence of defined Mei-Yu rainbands. Pre-Meiyu season includes periods from the beginning of April to days before the onset of Mei-Yu: specifically defined from 1 April to 10 May. The analyzed area is the region where most Mei-Yu rainbands exist [Xu et al., 2009] , ranging from 19°N to 29°N and 105°E to 125°E. All the PFs (defined as contiguous PR pixels with near surface rain [Iguchi et al., 2000] ) in the designated periods over the key region are selected for investigation. PFs over land are classified into three regimes: Pre-Meiyu, Mei-Yu, and Break, while oceanic features in all periods are combined. All the PFs are grouped into lightning/nonlightning features depending on whether the feature contains any LIS-observed lightning flash. Only lightning features are utilized for constructing the correlation between a specific parameter and lightning frequency. Numbers of samples for different regimes are listed in Table 1 .
Selection of Parameters
[15] PFs include most of the original information of pixellevel measurements from PR, TMI, and LIS in terms of storm parameters or properties. Specific details of parameters available in PF and collocation methods are given by Liu et al. [2008] . LIS parameters of a PF selected in this study include total flash counts and lightning flash rate. Parameters from TMI and PR selected for the correlation analysis with lightning frequency include minimum 85 GHz polarization corrected temperature (PCT), minimum 37 GHz PCT, maximum radar reflectivity at specific temperature, convective rain rate, area of radar echo higher than certain values at different temperatures, and retrievals of ice water mass. These parameters are defined as follows: 2.2.1. Lightning Flash Rate
[16] The LIS has an ability to view a 600 × 600 km area of the earth with a spatial resolution of between 3 and 6 km. It can monitor individual storms for lightning activity for a period of 80 or 90 s. Therefore, the total flash counts related to an individual feature record all the lightning flashes occur in the feature during the LIS viewing time. Lightning flash rate is defined to be total flash counts in the feature divided by LIS viewing time.
Minimum 85/37 GHz PCT
[17] The TMI brightness temperatures at 85 and 37 GHz are adjusted into the polarization corrected temperature (PCT) to remove the ambiguity between low brightness temperatures due to ice scattering and due to low surface emissivity. The PCT at 85 GHz defined by Spencer et al. [1989] and the one at 37 GHz by Cecil et al. [2002] are utilized as following:
PCT 85 GHz ¼ 1:82T 85v À 0:82T 85h ; and
where T is the brightness temperature, v and h in the subscripts are vertical and horizontal polarization, respectively. Small precipitation-sized ice particles scatter less of the upwelling radiation at longer wavelength. Compared to 85 GHz PCT, 37 GHz PCT is more sensitive to large ice particles in the precipitating systems than to small ice particles. Thus, low values of minimum PCT at 85 GHz tend to indicate a large ice water path, while low values at 37 GHz tend to indicate that the feature contains larger ice particles.
Maximum Radar Reflectivity and Convective Rain Rate
[18] Radar-based parameters have the advantage of presenting information about hydrometeors at different vertical levels. For example, the maximum height of 30 dBZ echo is an indicator of how high the updraft can loft large supercooled liquid or ice particles [DeMott and Rutledge, 1998 ]. Several studies indicate that the presence of radar echoes above a threshold value of 35-40 dBZ in the mixed-phase region is a good indicator of electrical activity sufficient for lightning [Dye et al., 1989; Buechler and Goodman, 1990; Williams et al., 1992; Petersen et al., 1996; Gremillion and Orville, 1999] . In this study, the maximum radar reflectivity is calculated between temperatures of 10°C to −60°C with 5°C intervals. Note that the 11 year mean vertical temperature profiles of lightning features (based on National Centers for Environmental Prediction data set) over land during premonsoon, Mei-Yu season, and over ocean during all periods are given in Table 2 . The convective rain rate is the mean 2A25 near-surface rain rate [Iguchi et al., 2000] for the convective pixels [Awaka et al., 1998 ].
Area of Radar Reflectivity
[19] Because the radar reflectivity is proportional to the sixth power of the particle size, high radar echo returns (e.g., >35 dBZ) at cold temperatures indicate the presence of large rimed hydrometeors such as graupel while the smaller ice particles are masked. The presence of smaller ice particles and supercooled cloud liquid water are also important in the process of lightning electrification in the mixed-phase region, but we recognize that radar reflectivity data alone cannot yield specific information on either. So we simply proceed by relating the area of occupied by radar reflectivity larger than specific value between 20 and 45 dBZ at different temperatures (0°C to −60°C) to lightning flash rate in lightning features.
Ice Water Mass
[20] Usually, retrievals of the ice water content from radar reflectivity are based on the regime (storm type)-dependent Z-M relationships. Different Z-M correlations have been summarized to retrieve ice water content of graupel/hail [Heymsfield and Miller, 1988; Yagi and Uyeda, 1980; Hauser and Amayenc, 1986] and ice crystals [Heymsfield and Palmer, 1986; Churchill and Houze, 1984; Atlas et al., 1995] from different field campaigns. Though the ice water content values estimated from different Z-M relationships may differ from each other significantly, their trends of variation are similar . Here we follow Petersen et al. [2005] and roughly estimate ice water mass (IWM) from PR reflectivity using a Z-M relationship based on an exponential size distribution reported by Black [1990] :
where the constant intercept N 0 is set to be 4 × 10 6 m −4 . IWM is calculated only in the convective area at −15°C. The bulk ice density of 400 kg/m 3 is selected for this subtropical monsoonal regime.
Results

Seasonal Transition of Lightning Activity and Storm Structure
[21] In the 11 year monthly climatology of the studied region, the frequency of lightning activity peaks (April) leads the rainfall peak (June) by 2 months (Figure 1 ). With a Mei-Yu, height (km) 5.0 6.0 6.9 7.7 8.5 9.2 9.9 10.6 11.2 Ocean, height (km) 4.8 5.8 6.7 7.5 8.3 9.0 9.7 10.4 11.0 relative minimum in lightning coinciding with a rainfall peak, this is similar to results for a number of monsoon regimes. For example, Zipser [1994] found that the lightning frequency over West Africa has a double peak with the first one leading the rainfall peak, while the thunderstorm minimum accompanies the rainfall peak. Therefore, one might suspect the lightning frequency peak and rainfall maximum to belong to strikingly different regimes, and this proves to be true. Storm properties and convective structures vary significantly from April (preseason) to May-June (Mei-Yu) [Xu et al., 2009] . Table 1 (Table 1) . Not surprisingly, the lowest lightning frequency is found in oceanic storms.
[22] The locations of features with different flash rates before and after the onset of Mei-Yu are shown in Figure 2 . Before the onset of Mei-Yu, high flash rate events occur frequently over Indochina Peninsula and spread out over southern to central China. After the onset of Mei-Yu, far less storms with frequent flashes develop, and they stay mostly over southeast foothill of Yun-Gui Plateau in southwestern China and windward side of south China mountain range. This could be the result of orographic initiation and enhancement of the Mei-Yu frontal convection. The low-level warm and moist environment in advance of Mei-Yu fronts also brings more thunderstorms over South China Sea.
[23] The evident seasonal changes on the lightning activity are consistent with variations on the storm structure of lightning systems (Figure 3) , although some are fairly subtle. There is no significant difference between Mei-Yu and Break systems, but evident differences exist between pre-Meiyu and Mei-Yu or land and ocean systems. The biggest difference is that pre-meiyu regime has higher radar reflectivity at the level between 0°C and −30°C but lower echo intensity colder than −40°C. This is especially evident for the top 20% lightning features, where the radar echo for the preseason regime is about 3 dBZ higher than in the MeiYu season. Some pre-meiyu lightning systems may have hail near the surface (55 dBZ at 1 km). Similar difference on the radar reflectivity structures in the mixed-phase region also exists between land and oceanic lightning features.
Thresholds for Lightning Occurrence
[24] Thresholds for lightning occurrence in terms of radar reflectivity or microwave brightness temperature in different parts of the world have been examined by many authors [MacGorman and Rust, 1998; Toracinta et al., 2002; Cecil et al., 2005; Yuan and Qie, 2008] . Their results show that thresholds are land or ocean dependent but very similar in different weather regimes. This study investigates the variability of thresholds for preseason and active monsoon season or land or ocean by examining parameters of maximum radar reflectivity and minimum 85/37 GHz PCT.
[25] Figure 4 shows the probability of lightning occurrence when maximum radar reflectivity at different temperatures reaches specific values. Thresholds required for high probability of lightning occurrence (>60%) are quite close for all the regimes. But for lower probability of lightning (<40%), thresholds vary considerably between land and ocean features. This difference is more evident for systems with lower maximum radar echo at higher temperature, e.g., −5°C or −10°C. It can be concluded that maximum reflectivity of 35 dBZ above −15°C is a good indicator for both land and oceanic regimes in different weather systems. Radar reflectivity higher than 35 dBZ above the freezing level is suggested to be the requirement of the presence of graupel and supercooled liquid water. But it is interesting that land storms have higher lightning probability than oceanic systems when they have radar reflectivity between 35 and 40 dBZ at temperatures lower than −15°C.
[26] From the perspective of minimum 85 GHz PCT, the probability of lightning occurrence varies significantly among different seasons, and land versus ocean regimes ( Figure 5 ). With the same minimum 85 GHz PCT, the preseason regime tends to have the highest lightning production possibility, while oceanic storms have the least. For example, when minimum 85 GHz PCT is lower than 200 K, more than 80% of the preseason storms produce lightning, while less than 30% of the oceanic features do. However, thresholds of lightning occurrence by minimum PCT get much closer when the frequency shifts to 37 GHz. This is understandable for fact that 85 GHz represents the whole ice water depth, while the depressed 37 GHz PCT indicates larger ice particles (usually in the mixed-phase region). But even for 37 GHz PCT, land systems present much higher probability of lightning when restricted to the same value.
Correlations Between Lightning and Thundercloud Parameters
[27] Linear correlation coefficients (R) between thunderstorm parameters and lightning flash rate or flash density are presented in Table 3 . Scatter diagrams of lightning flash rate versus parameters of minimum 85 GHz PCT, minimum 37 GHz PCT, maximum radar reflectivity near −15°C and area of 35 dBZ echo near −15°C are combined in Figure 6 . Linear regression equations for the scatter diagrams in Figure 6 are listed as follows (Y is flash rate, while X is the value of different parameters): The IWM at 8 km is closely correlated (R = 0.80-0.94) with lightning frequency as expected from the literature Deierling et al., 2005; Latham et al., 2007] . Of all the TRMM-observed parameters, 35 dBZ area at −15°C has the best positive relationships (R = 0.78-0.94) with (Figure 6 ). This implies that the 35 dBZ area at the mixed-phase region performs as well as the retrieved parameter of IWM as an indicator of precipitation-size ice water and supercooled liquid water content. Similarly, the 20 dBZ area at −40°C also shows very close relationships with lightning frequency (R = 0.76-0.91). Potentially, the 20 dBZ area at upper level of lightning storms could be a good proxy of small nonprecipitation ice content pushed from the mixed-phase region as suggested by . The correlation between lightning frequency and 35/20 dBZ area is quite consistent within different regimes over land but varies slightly from continental to oceanic regime. For example, continental lightning features have the extremely high correlation (R > 0.90) between flash rate and 35 dBZ area at −15°C while oceanic lightning storms have the lower (R = 0.78).
[28] Although many papers point to a high positive correlation between convective precipitation and lightning [Soula and Chauzy, 2001; Seity et al., 2001; Sheridan et al., 1997] , it does not show up in this East Asian regime. During the Mei-Yu season, heavy precipitation is frequent but lightning is not. The correlation coefficient between convective rain rate and lightning frequency (R < 0.25) is far lower than that for other parameters in Table 3 . This is not a surprise because the relationship between rainfall and lightning is highly regime dependent. Storm electrification by the NIC process requires collisions between graupel and small ice particles in the presence of supercooled cloud liquid water, which in turn requires substantial updrafts in the mixed-phase region. In most tropical ocean regimes, copious rainfall is produced by collision-coalescence low in the cloud, depleting cloud water content before the relatively weak updrafts even reach the mixed-phase region. In contrast, most continental storms not only have stronger updrafts [Zipser and Lutz, 1994; Lucas et al., 1994; Zipser, 2003] but Figure 4 . Probability of lightning occurrence within precipitation systems as a function of maximum radar reflectivity near different temperature levels (−5°C, −10°C, −15°C, and 20°C) for land storms during pre-Meiyu (black cross), Mei-Yu (green star), and Break (blue triangle), and Oceanic systems during all periods (red square). also, as Petersen and Rutledge [1998] point out, precipitation production is often dominated by processes in the mixedphase region, so it is logical that the correlation between lightning and convective rain is stronger than over tropical oceans.
[29] The ice scattering signature at both 37 and 85 GHz shows significant negative relationship with lightning frequency (Table 3) . In this study, minimum 37 GHz PCT is more highly correlated (R = −0.66 to −0.70) with lightning than minimum 85 GHz PCT (R = −0.45 to −0.56). This is probably related to the fact that 37 GHz PCT depression is due to large ice particles, while 85 GHz PCT is more closely related to the total column ice water content, which may often be due to a large depth of smaller particles. Another speculation is that due to the larger footprint of 37 GHz channel, it may represent those large convective cores better.
Maximum radar reflectivity has been used as a good proxy for convection intensity [Zipser and Lutz, 1994] . But this pixel proxy presents only moderate relationship with lightning flash rate (R = 0.45-0.53). Pixel proxies including maximum dBZ at 7 km, minimum 85 GHz and 37 GHz PCT represent only the extreme values for a single pixel. But in the real world, the lightning flash count in a large MCS may be contributed by multiple cells or a very large cell with area much larger than one TRMM pixel. Therefore, lightning features with high flash rate (e.g., >20 #/min) show much more scattered relation with pixel proxies than the 35 dBZ echo area proxy (Figure 6 ).
Temperature of the Best Correlation and Its Variability
[30] Because the charging zone may involve a temperature range from −5°C to −30°C [Takahashi, 1978; Saunders et al., 1991; Williams et al., 1991; Takahashi and Miyawaki, 2002] , it is of interest to find the temperatures where the best correlation between radar echo and lightning occurs. The 11 year TRMM database can be used to narrow the range of possibilities. The area of radar echo with 35 dBZ at −15°C and 20 dBz at −40°C both show high correlation with lightning frequency. In this section, the correlation coefficients between areas of radar reflectivity with different values at specific temperatures and flash rate are examined (Figure 7) . Generally, for continental lightning features, area of high radar reflectivity, e.g., echo >35 dBZ, show their best correlations with lightning frequency at −5°C to −15°C. This result agrees with many previous papers and once again supports the NIC hypothesis, directly confirming the altitudes where large hydrometeors are most important. Note that this feature does not vary much with storms over land during different regimes. However, this relationship pattern shifts to lower temperatures for the oceanic lightning systems. Temperatures with highest correlation between high radar reflectivity and flash rate are −15°C to −30°C. Compared to this significant variability between lightning features over land and over ocean, the seasonal variability over land is negligible.
[31] It is interesting that area of 35 dBZ echo at temperatures near −6°C in the oceanic lightning systems is far less correlated (R = 0.26) with lightning flash rate than that of continental lightning features (R = 0.85). This is consistent with the fact that oceanic storms have somewhat lower lightning occurrence than continental features even with the same max radar reflectivity throughout the mixed-phase region (Figure 4) . The scatterplot of area of 35 dBZ echo near −6°C versus flash rate shows that any specific lightning flash rate occurs with a wide range of radar reflectivity area over land and an even wider range over ocean (not shown).
[32] Figure 7 indicates that there are good relationships between area of radar reflectivity and lightning flash rate not only in the mixed-phase region but also at colder temperatures. It is understood that charge separation is not expected at such cold temperatures. Usually, large area of high radar reflectivity in the mixed-phase region is accompanied by large area of weaker radar echo at upper levels. It is assumed that small ice particles involved in the charging process may be eventually moved upward and detrained into the anvil region [Deierling et al., 2005; . It is true that the stronger the midlevel updraft in the convective core the larger mass of ice particles can be lifted up to higher levels. But, the parameter of 35 dBZ area near −15°C for lightning storms over land and 35 dBZ near −20°C for oceanic lightning features are the most highly correlated with lightning flash rate.
Conclusions
[33] TRMM lightning, radar, and microwave measurements are used to investigate the lightning activity before and after the onset of Mei-Yu over southern China, Taiwan, and adjacent ocean. The correlations between a set of thundercloud parameters and lightning frequency, as well as their seasonal and land or ocean variability are examined. The major findings include
[34] 1. Evident seasonal and land/ocean variations exist on lightning frequency, storm structure, and lightning distribution pattern of storms over the study region.
[35] 2. The thresholds for lightning occurrence vary significantly only between continental and oceanic regimes at the temperature below −15°C. With the same maximum radar reflectivity lower than 35 dBZ at temperature such as −10°C, continental storms have higher probability of lightning than their oceanic counterparts. Similarly, with the same minimum brightness temperature at 37 or 85 GHz, continental storms have higher probability of lightning than their oceanic counterparts.
[36] 3. Of all the examined parameters, area of 35 dBZ in the mixed-phase region, as well as roughly estimated ice water mass at midlevel, are best correlated with lightning flash rate.
[37] 4. Temperatures of maximum correlation between area of specific radar reflectivity and flash rate differ considerably between land and oceanic lightning storms. The area of high radar reflectivity, e.g., 35 dBZ, has its highest correlation with lightning frequency at −5°C to −15°C over land but at −15°C to −30°C over ocean.
[38] These results continue to beg the question of why the lightning probability or flash rate can be lower over oceans than over land for very similar measured values of microwave brightness temperature or radar reflectivity. Rather than speculate with little evidence, we defer this issue to future papers. However, we do point out the following points. Other things being equal, updrafts over land are likely to have higher supercooled liquid water contents than over ocean, where cloud water is converted to rain more quickly and depletes cloud water more efficiently before the updraft reaches the mixed-phase region. Also, the greatest difference between land and ocean in Figure 7 is in the temperature range of −5°C to −8°C (∼6 km), above which oceanic clouds often have a very rapid decrease in reflectivity with altitude compared with continental clouds [Zipser and Lutz, 1994; Liu et al., 2008] , so it is possible that many of the oceanic (land) systems with large areas of 35 dBZ echo at −6°C have smaller (larger) area of 35 dBZ at −10°C to −15°C where charge separation is more likely.
[39] This study not only adds details to the knowledge of the behavior of weather systems in the East Asian summer monsoon region but also provides clues to a broader context. First, it presents important fundamental knowledge of the relationships between TRMM-observed quantities and LISmeasured lightning. Second, thresholds of lightning occur- rence and correlation between lightning and thundercloud parameters between land and oceanic regimes vary strikingly but stay quite stable over land among preseason, MeiYu, and Break period. This warrants the examination of lightning probability and lightning-storm property relationship on the different meteorological regimes globally in the future.
